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INTRODUCTION
Apraxia of speech (AOS) is an impairment of speech production in which output contains numerous articulatory errors that reduce intelligibility. It is viewed as a disruption to the motor plans that control speech production and as a result, speech appears to lose its automaticity, instead appearing under conscious control (Lebrun, 1990; Lecours & Lhermitte, 1976) . The condition is characterised by articulatory groping, which involves preparatory visible and sometimes audible speech gestures.
Groping is not unique to AOS and a similar phenomenon can be observed in the 'conduite d'approache' behaviours of speakers with conduction aphasia (McNeil, Robin & Schmidt, 2009 ). However, it represents a core feature of speech apraxia and features in many diagnostic typologies for the impairment (e.g., Wertz, LaPointe, Rosenbek, 1984; Dabul, 1986) . In apraxia, speech appears effortful and features can include an altered voice quality and changed durational characteristics such as longer inter-syllabic pauses and prolonged segment and syllable durations (Kent & Rosenbek, 1982 , 1983 Whiteside & Varley, 1998a; Varley, Whiteside & Luff, 1999) . There is also reduced cohesion or overlap in articulatory gestures, reflected in reduced levels of coarticulation (Ziegler & von Cramon, 1985 , 1986 Whiteside & Varley, 1998b; Whiteside, Grobler, Windsor & Varley, 2010) .
There is debate regarding the size of the motor plans for speech and the lack of agreement on this issue motivates different forms of therapy for AOS. One proposal is that all speech output proceeds from activation and concatenation of individual segmental plans (Shattuck-Hufnagel, 1979) . The segmental view has motivated many treatment approaches for AOS, and sound production therapies address articulatory gestures with the aim of increasing the inventory of postures that can be achieved (Rosenbek, 1985; Peach 2004) . Once a repertoire of differentiated gestures is established, the therapy moves to combining gestures in order to produce cohesive syllables. The approach involves assisting the patient to acquire conscious, declarative knowledge of the targets and dynamics of articulatory gestures and employs repeated practice of slow, effortful and often errorful speech production. Although such therapies may lead to patients acquiring the targeted gestures, there is limited evidence for the generalisation of this learning to the same gesture in different syllables and to other motorically similar articulatory postures (Wambaugh, Duffy, McNeil, Robin, & Rogers, 2006 ). An alternative proposal is that complete movement gestalts, or schemas, are formed for outputs that are produced with some frequency, thus by-passing the need for segment-by-segment assembly (Crompton, 1981; Keller, 1987; Levelt & Wheeldon, 1994; Whiteside & Varley, 1998a; Varley & Whiteside, 2001 ).
Alternative approaches to therapy for AOS are motivated by the schema view of speech production and focus on the production of whole words and utterances. Rather than developing explicit awareness of the subcomponents of speech, schema-approaches aim to maintain automatic and implicit movement control. In this way, 'learned misuse' of the usual mechanisms of speech control is avoided (Taub, Miller, Novack, Cook, Fleming, Nepomuceno, et al., 1993; Pulvermüller & Berthier, 2008) . Errorless learning principles by which patients practice fluent, automatic and error-free behaviour, may be particularly useful in avoiding learned misuse. In the case of therapies for AOS, the use of automatic and implicit mechanisms that govern healthy speech control is maintained, and entraining compensatory mechanisms that might deliver only slow and effortful speech production is avoided.
Errorless learning techniques have been incorporated into a number of interventions aimed at ameliorating the impairments that follow acquired neurological injury (Fillingham, Hodgson, Sage, & Lambon Ralph, 2003) . The effectiveness of the method in comparison to errorful learning has been explored across conditions such as aphasia, and the memory problems of amnesia and Alzheimer's Disease, and across a range of different cognitive-behavioural domains. With regard to interventions in amnesia, there is a series of reports of advantages of errorless over errorful learning techniques (e.g., Wilson, Baddeley, Evans & Shiel, 1994) and the amnesia literature contains ongoing debate regarding the source of the errorless learning advantage . In amnesia, automatic implicit memory is less impaired than conscious declarative memory (Corkin, 2002) . One proposal is that implicit learning in particular is disrupted under errorful conditions, with variable responses hampering the formation of stable neuronal assemblies that encode new learning. However, this proposal is controversial and other investigators claim that both implicit and explicit memory systems support errorless learning (e.g., Tailby & Haslam, 2003) .
Although the amnesia literature provides some support for the effectiveness of errorless learning techniques, the evidence in support of their use in remediating aphasic language impairment is more equivocal. Fillingham, Sage, & Lambon Ralph (2006) and Conroy, Sage & Lambon Ralph (2009) explored the impact of errorless learning in contrast to trial-and-error methods on remediation of anomic lexical deficits. Their results showed that, despite a patient preference for the errorless technique, the outcomes of the two forms of intervention were equivalent. Raymer, Strobel, Prokup, Thomason & Reff (2010) , in an exploration of the effectiveness of errorful and errorless intervention in acquired dysgraphia, showed better outcomes for the errorful technique, although again participants preferred the errorless training procedures. The different findings with regard to comparisons of learning techniques across amnesia and aphasia might be linked to the claim that errorless learning facilitates automatic, procedural learning in particular. While some linguistic knowledge is available for conscious report, such as explicit knowledge of the link between a word and its referent in naming, other elements remain implicit (Ullman, 2001; Ardila, 2010) . Speakers do not have explicit or conscious knowledge of the processes involved in generating a grammatical sentence or of the adjustments of articulators necessary to produce fluent and accurate word forms. Speech production represents a motor skill that involves unconscious procedural memory. One possibility is that incorporating errorless learning principles into therapies for acquired speech impairments, such as apraxia of speech, may be particularly important in designing effective interventions. By contrast, interventions directed at explicit knowledge such as the link between an object and its name may show less advantage for errorless learning methods.
We report the outcomes of an intervention for the speech impairments of AOS that focuses on production of whole words rather than isolated articulatory gestures. The intervention was motivated by a number of principles, one of which was errorless learning. Another important principle was that therapy is delivered at a sufficient level and intensity to stimulate reorganisation of underpinning neural systems (Pulvermüller & Berthier, 2008; Varley, 2011) . However, delivery of intensive therapy may represent a challenge to resource-limited healthcare systems and the strategy we have adopted in achieving high intensity in a cost-effective manner is to design software programs that allow the user to self-administer therapy without a clinician being present. The use of a self-administered therapy model inevitably has the consequence that the specifics of therapy implementation are lost. Therefore, although the speech program aimed to incorporate errorless learning strategies, it might be better described as designed on 'error reduction' principles (Fillingham et al., 2003) .
The aim of the speech program was that, as much as possible, the user would practise automatic, fluent and errorless speech production and non-fluent speech attempts including struggle and groping towards articulatory targets would be reduced. In order to achieve this aim, the following components were incorporated into the therapy. The therapy involved a defined set of 35 words, and before any attempts at speech production, there was a significant sensory-perceptual training phase. Prior to the user making judgments, the program modelled errorless performance. The first task involved spoken word-picture matching (Input Level 1), and after the presentation of the auditory stimulus, the computer highlighted the correct picture. Subsequently the program modelled correct spoken-written word matching (Input Level 2). In the errorless models, there was a gradual increase in the delay between the stimulus and indication of the response in order to allow the users to make their own decision on the target even though no overt response was required. Once the errorless modelling tasks had been presented five times, the participant attempted the same tasks (Input Levels 3 and 4). If the participant met a 90% accuracy criterion, the program progressed to the next level.
If the criterion was not met, the participant was returned to the errorless modelling tasks at Input Level 1 or 2. The final input tasks involved auditory perceptual judgments.
Again the program modelled errorless decisions as to whether an auditory presentation of the target word was correct or incorrect (Input Level 5), and then the participant made the same judgments (Input Level 6). If the 90% accuracy criterion was not met, the participant was returned to the Input level 5 task. Although AOS is an impairment of speech production, the rationale for including the input/sensory-perceptual phase was, first, that apraxia is often accompanied by aphasia. The input training therefore stabilised pre-phonetic processing of the target words. Second, strong functional connectivity between sensory-perceptual and motor speech systems has been observed (Watkins, Strafella, & Paus, 2003; Rizzolatti, 2005) . Hence listening to words results in 'mirror' activations in motor control systems. The input components aimed to prime the subsequent word production phases of the intervention. Thus when the participant was required to produce the target words, there would be greater likelihood of fluent, error free production. The perceptual phase of the program also enabled participants with severe apraxia to establish stable input models for the target vocabulary prior to production attempts, and so increase the likelihood of some errorfree production.
Error reducing strategies were also incorporated into the design of the production phases of the intervention. The participant was initially required to observe video clips of a speaker saying the target words (Speaking Level 1). The program then moved to imagined production of words, with the request that the participant silently produces the word (Speaking Level 2). At the next stage, overt production was required and, in order to minimise errors, the user repeated the word after audio and video presentation (Speaking Level 3). Initially immediate repetition after the model was required, but then increasing delay was introduced between the model and the request for an overt response. The final stages of the program allowed the user to record and listen back to their repetitions (Speaking Level 4) and then to practise the target words in a variety of sentence frames (Speaking Levels 5 & 6), and finally in isolated naming (Speaking Level 7). However, errors were again minimised by availability of cues and the user could access written word, initial sound or whole word sound file prompts.
In summary, we explored the effectiveness of the speech intervention that incorporated error-reduction principles in reducing the signs of errorful, non-automatic and effortful speech production in participants with AOS. We hypothesised that the intervention would result in reductions in articulatory groping and struggle, and increased levels of accuracy and fluency in a word repetition task.
MATERIALS AND METHODS

Study and therapy design
Fifty participants with AOS were recruited to the study. The study was granted ethics approval under the NHS LREC procedures. All participants gave their informed consent.
Participants were classed having AOS by two independent speech and language therapists using standard diagnostic criteria such as reduced speed of articulation, reduced speech fluency, struggle, groping and dysprosody (Wambaugh, Duffy, McNeil, Robin & Rogers, 2006) . All participants had some degree of coexisting aphasia.
Participants were not receiving any speech and language therapy directed at apraxic or aphasic impairment during the course of the study.
The study used a two-phase cross-over design (Cowell, Whiteside, Windsor & Varley, 2010) where participants were allocated to one of two treatment groups (speech first (SPF) or sham first (SHF)). Participants were blind to the experimental hypothesis, and had no knowledge of the status of the sham program. The design of the study included a series of speech and language assessments which were conducted at different points across the study. The initial evaluation included background speech and language assessments, and measures of two behaviours that were not predicted to change as a result of the intervention were taken at two points: i) at the beginning of the study at baseline (B1); and ii) at the maintenance assessment (M) at the end of the study. The 2 control assessments were: i) the CAT Comprehension of spoken sentences (possible maximum of 32) (Swinburn, Porter & Howard, 2004) ; and ii) PALPA 48 (written word to picture matching sub-test (possible maximum -40)) (Kay, Lesser & Coltheart, 1992) .
Baselines on two repeated measures (a picture naming task and a word repetition task) were conducted at two points (B1, B2) with a 3 to 4 week interval between B1 and B2.
These repeated measures were also carried out at three additional points in the study.
The baseline assessments for the repeated measures were designed to determine performance prior to intervention and the stability of speech behaviours. B2 was immediately followed by an initial treatment period which was either a speech therapy computer program or a visual sham computer program. The sham program had identical human-computer interfaces as the speech program, but contained minimal speech or language content. The tasks involved visuo-spatial problem solving, for example, delayed matching of complex designs. Participants were informed that the visual sham program was designed to improve attention and memory. Both programs used a simple interface, and were automatically booted up when the computer was switched on. A device was built into the speech program to ensure that it was booted up to the point at which participants had left off in any prior sessions. The number of sessions and active time spent on the programs were monitored automatically within both the speech and sham programs. Both programs were self-administered for a period of six weeks. Participants were contacted by a therapist after the initial induction session to discover if they were experiencing any difficulties in using the programs.
Additional support was provided to assist use where necessary. On the whole, minimal additional support was required by participants. At the end of the initial therapy a third assessment session took place (Post Treatment 1 (Tx1)). For the SPF group the evaluation was labelled the Post Speech (PTx-Speech) assessment, and for the SHF group, the Post Sham (PTx-Sham) assessment. The participant then entered a four week rest period, which was included to maintain levels of motivation due to the length and cross-over design of the intervention study. After the rest period, there was a second treatment period of six weeks. During this second treatment period, the SPF participants were given the visual sham therapy, and the SHF participants received the speech-based therapy program. The end of the second period of therapy was marked by a fourth assessment session (Post Treatment 2 (PTx2)), which was the Post Sham Participants were block randomised to either SPF or SHF conditions using a blind envelope system and by an investigator who was blind to case. A total of 21 participants (8 females and 13 males) with a mean age of 60 years (SD = 17 years; range = 28 to 84 years), and mean post-onset time of 19.0 months (SD=14.9 months) were in the SPF group. A total of 23 participants (12 females and 11 males) with a mean age of 68 years (SD = 13 years; range = 36 to 86 years), and a mean post-onset time of 25.1 months (SD=25.4 months) were in the SHF group. There were no significant age differences (t (42) = 1.757, p=.086), or post-onset time differences (t(42)= -.965, p=.340) between the participants within the two groups.
Speech and Language Assessments
The extent of aphasic difficulties and severity of apraxia were assessed at the beginning of the study. The assessments which are most relevant for the current study are reported here with the maximum possible score (where relevant) and the mean scores indicated for the SPF and SHF groups, respectively. Independent t-tests showed that there were no significant differences (p>.05) between the scores for the two groups, suggesting that levels of severity were matched across both groups. The results of these t-tests are also provided: i) Spoken Picture Naming (a subset of 10 low and 10 medium frequency words from PALPA 54 (Picture Naming x Frequency) (Kay, et al., 1992) 
Speech assessment materials: speech repetition task
Outcomes of therapy were evaluated on a number of tasks and one of these -a word repetition task -is the focus of the current report. Participants repeated a set of 105 words after a single presentation by the experimenter. The set included 35 items that were treated at all levels in the speech program (T), 35 items which were matched as closely as possible on phonetic complexity (Phonetically Matched -PM), and 35 items matched on frequency (Frequency Matched -FM) using spoken lexical frequency data from the British National Corpus (BNC) (Leech, Rayson & Wilson, 2001 ). The treated items were chosen for their functionality in everyday communicative contexts. The three word sets are given in Appendix I.
Assessment of speech accuracy and performance
All productions elicited via the speech repetition task were scored for accuracy by a researcher who had not been involved in the testing of participants, and who was blind to the order of treatment (i.e., SPF vs. SHF). The accuracy scoring protocol assessed the presence of fluent and error free production, groping and struggle prior to and during production, and phonetic accuracy. The details of the accuracy scoring protocol are provided in Appendix II.
Inter-rater reliability measures Accuracy scoring was repeated for a subset of the speech repetition data by a second rater who was blind to the first rater's scores. This was done for 558 speech samples drawn from 16 participants with AOS. They were sampled from the five different assessment sessions and included 8 participants from the SPF group, and 8 participants from the SHF group. In addition, the samples represented individuals with different levels of AOS severity (mild: n=3, moderate: n=3; and severe: n=10).
Spearman's Rank Correlation indicated a high level of inter-rater reliability (n=558, rho=.895, p<.0001).
Accuracy scores and determining therapy outcome measures
The accuracy scores were used to characterise output that was fluent and error free, and that which was errorful and contained struggle and articulatory groping behaviours.
These two sets of behaviours were selected to represent speech production ability along the continuum within the speech production accuracy assessment protocol (see Appendix II). Frequency totals (the number of occurrences) were calculated for each of the 13 categories of scores (Appendix II) for all participants for the T, PM, FM items for all five test sessions. Responses that contained articulatory groping and/or struggle, or failure to produce the target (scores 0, 1, 2, 2c, 3b, 4b, 5) were categorised as Struggle.
The number of responses that reflected prompt, fluent and error free production (scores of 7) were coded within the Fluent category. Responses that were phonetically aberrant either in segmental accuracy or duration, but contained no struggle or grope behaviours were not analysed in this study.
Program usage levels
The program usage levels are given in Table 1 for both programs across all participants, and by group (SPF and SHF) to the nearest minute. Program usage levels per week are also indicated. There was a tendency to use the first program more than the second.
However, there were no significant group differences in the usage levels of either the speech (t (42) The categories used in the frequency counts for the Struggle and Fluent scores were based on a rating scale that was both ordinal and nominal in nature. Non-parametric analyses were therefore used to assess differences in the scores across the five test sessions. However, due to the two-phase, cross-over design of the study, it was first necessary to examine whether the Struggle and Fluent scores for the PTxSpeech and Results of the ANOVA revealed significant main effects for test session (F(4, 168)=15.234, p<.0001) and items (F(2, 84)=40.544, p<.0001), but no significant order of treatment effects (F(1, 42)=.981, p=.328). There was a marginal significant interaction effect for test session x items (F(8,336) =1.970, p=.05), and test session x items x order of treatment (F(8, 336)=1.937, p=.054) due to the SPF group displaying higher levels of treatment maintenance effects for the T, PM and FM items. These results were replicated in the non-parametric statistics which are described in more detail below.
There were no significant interaction effects for test session x order of treatment (F(4, 168)=.1.978, p=.100), or items x order of treatment (F(2, 84)=.433, p=.650). As was the case for the 'Struggle' scores, due to the lack of significant interaction effects between test session and order of treatment, the Fluent data were combined for the SPF and SHF groups for further statistical analysis.
Struggle scores Two-tailed Wilcoxon Signed Ranks tests were conducted to test for differences across the five test sessions for the T, PM, and FM data sets. Some additional tests were conducted to examine differences between the SPF and SHF groups. The results of these tests revealed effects which were parallel to those of the mixed model ANOVA test (see Investigating order of treatment effects). Due to the number of multiple comparisons conducted (n=15) using the Wilcoxon Signed Ranks tests, the alpha level (p=.05) was adjusted to avoid type-1 errors. The adjusted alpha level (p = .05/15 = .0033) was used. There were no significant differences between the 'Struggle' scores for B1 and B2 for the T (Z=-.690, p=.490 -see Fig 1b) , PM (Z=-1.849, p=.064-see Fig   2b) and FM (Z=-1.222, p=.222-see Fig 3b) items. This indicates that performance on the speech repetition task was stable across the two baselines before the first treatment period.
Comparisons between B2 and PTxSpeech revealed significant reductions in the Struggle scores for the T items (Z=-3.764, p<.0001 -see Fig 1b) , but not the PM items (Z=-2.049, p=.040 -see Fig 2b) , or the FM items (Z=-1.351, p=.177 -see Fig 3b) . This indicates that the speech intervention resulted in participants displaying a significant reduction in struggle in repetition for those items which were directly treated within the speech program. Although there was a trend indicating that the reduction of struggle generalised to phonetically similar untreated items (see Fig 2b) , this did not reach significance using the adjusted alpha level.
<PLACE FIGURES 1a, 1b, 2a, 2b, 3a, 3b ABOUT HERE> Effects of the sham program were examined by comparing Struggle scores for B2 and PTxSham. Analyses of the combined group data revealed no significant reductions in the scores for the T items (Z=-2.084, p=.037 -see Fig 1b) , the PM items (Z=-1.955, p=.051 -see Fig 2b) , or the FM items (Z=-1.303, p=.193 -see Fig 3b) . However, on examination of the T items by individual groups, the SPF group displayed evidence of a reduction in their scores (Z=-3.265, p=.001 -see Fig 1a) , which was not the case for the SHF group (Z=-.406, p=.684 -see Fig 1a) . Rather than indicating a reduction in struggle following the sham program in the SPF group, this finding provides evidence for enduring speech treatment effects on the T items. This was confirmed by a further comparison between the PTxSpeech and PTxSham scores for the T items for the SPF group which revealed no significant changes in the 'Struggle' scores (Z=-1.736, p=.083 -see Fig 1a) .
The maintenance of treatment effects was examined by comparisons between the PTxSpeech and Maintenance Struggle scores for both groups combined. Results indicated that there were no significant differences for the T items (Z=-.914, p=.361), PM items (Z=-.279, p=.780) or the FM items (Z=-1.265, p=.206) . This indicates that reductions in Struggle scores following treatment were maintained. Given the two-phase design element of the study, this effectively amounted to a significant maintenance effect after 18 weeks for the SPF group, who received the speech treatment in the earlier period of the study, and 8 weeks for the SHF group who received the speech treatment in the later period.
Fluent scores
A further series of two-tailed Wilcoxon Signed Ranks tests was conducted to test for differences in the Fluent scores across the five test sessions for the T, PM, and FM data sets. Some additional tests were conducted to examine differences between the SPF and SHF groups. Similar to the Struggle scores, the results of these tests paralleled those of the mixed model ANOVA summarised above (see Investigating order of treatment effects). The alpha level (p=.05) was again adjusted to control for type-1 errors due to the multiple comparisons conducted (n=26). The adjusted alpha level (p=.05/26 = .0019) was used. There were no significant differences between the Fluent scores for B1 and B2 for the T items (Z=-2.209, p=.027 -see Fig 4b) , PM items (Z=-467, p=.641 -see Fig 5b) , or the FM items (Z=-1.619, p=.106 -see Fig 6b) . The trend for an improvement in the Fluent scores for the T items between B1 and B2 (see Fig 4b) was examined further by group. This trend for a practice effect appeared to be carried by the SPF group (see Fig 4a) . However, this was not significant using the adjusted alpha level (Z=-2.346, p=.019). There was no significant difference between B1 and B2 for the SHF group (Z=-.829, p=.407) (see Fig 4a) . This indicates that performance on the speech repetition task was largely stable across the two baselines before the first treatment period. <PLACE FIGURES 4a, 4b, 5a, 5b, 6a, 6b ABOUT HERE> Comparisons between B2 and PTxSpeech revealed significant increases in the Fluent scores for the T items (Z=-3.825, p<.0001 -see Fig 4b) , the PM items (Z=-3.611, p<.0001 -see Fig 5b) , but not the FM items (Z=-2.884, p=.004 -see Fig 6b) . This indicates that the speech program resulted in a significant increase in speech accuracy and fluency in repetition for the treated items, with generalisation to the phonetically matched items.
Effects of the sham program were examined by comparing the Fluent scores for B2 and PTxSham. There were trends but no significant increases in the scores for the T items (Z=-2.970, p=.004 -see Fig 4b) or the PM items (Z=-2.089, p=.037 -see Fig 5b) . The FM items displayed no significant increases in the scores (Z=-1.577, p=.115 -see Fig   6b) . The trends for increases in the Fluent scores were examined further by group for both the T and PM items. For the T items the marginally significant effect was carried by the SPF group (Z=-3.476, p=.001 -see Fig 4a) , but not the SHF group (Z=-.900, p=.368 -see Fig 4a) . This was confirmed by a further comparison between the PTxSpeech and PTxSham scores for the T items for the SPF group which revealed no significant changes in the Fluent scores (Z=-.629, p=.489 -see Fig 4a) . For the PM items the increases in Fluent scores across both groups were not significant (Z=-2.089, p=.037 -see Fig 5b) . This result was reflected in the data for both the SPF (Z=-1.181, p=.238) and the SHF groups (Z=-1.633, p=.103) (see Fig 5a) .
The speech program treatment maintenance effects were examined by comparisons between the PTxSpeech and Maintenance 'Fluent' scores for both groups combined.
Results indicated that there were trends for decreases in the scores for the T items (see Fig 4b) , but these did not reach significance (Z=-2.402, p=.016) using the adjusted alpha levels. Further examination of the Fluent scores by group, showed that neither the SHF group (Z=-2.705, p=.007 -see Fig 4a) nor the SPF group (Z=-.732, p=.464 -see Fig 4a) displayed a significant decrease in the Fluent scores between PTxSpeech and Maintenance using the adjusted alpha levels. This suggests that treatment effects were maintained for the T items in the SPF group, but there was some evidence for only temporary gains in the SHF group. Results for the PM items indicated no significant difference between the PTxSpeech and Maintenance Fluent scores for both groups combined (Z=-1.515, p=.250 -see Fig 5b) , indicating that the treatment effects were maintained. Again however, there was a difference between the two participant groups with stronger maintenance displayed by the SPF group (Z=-1.515, p=.250 -see Fig 5a) than the SHF group (Z=-2.447, p=.014 -see Fig 5a) . Results for the FM items indicated no significant differences between the PTxSpeech and Maintenance Fluent scores for both groups combined (Z=-.875, p=.382 -see Fig 6b) . This stable performance was, once again, carried by the SPF group (Z=-1.444, p=.149 -see Fig 6a) , while the SHF group showed more fragile behavioural gains (Z=-2.361, p=.018 -see Fig 6a) . In summary, the results indicate that evidence of maintenance was apparent for the SPF group, and, given the two-phase cross-over design of the study, the results for the SPF group amounted to significant maintenance of behavioural gains for up to 18 weeks after the intervention.
Control assessments
There were no significant differences between the CAT scores at the start of the study (T1), and the end of the study (T2) (CAT 32 -T1: Mean=20.75, SE=1.07; T2: Mean=20.82; SE=1.05; t(43)= -0.113, p=.911). Similarly, no significant differences were found between T1 and T2 for the PALPA 48 sub-test scores (T1: mean=34.00 (SE=1.33); T2: mean=34.48 (SE=1.33); t(42)=-1.017, p=.315). This indicates that neither the speech nor the sham programs had any effect on untreated language behaviours.
Correlations between 'Fluent' and Struggle' Scores A series of Spearman's Rank Correlation tests was run on the 'Struggle' and 'Fluent' scores within assessment points (i.e., B1, B2, PTxSpeech, PTxSham, Maintenance) and word item sets (i.e., T, PM, and FM). These results showed a pattern of significant negative correlations between the 'Struggle' and 'Fluent' scores which ranged from rho= B2Treated items. The negative values in the correlation coefficients are indicative of lower levels of struggle being significantly correlated with higher levels of fluency.
However, the range in the rho values indicates that while the two scales are related, the two measures tap distinctively different behaviours and there was variation in the 'struggle' and 'fluency' scores for participants across phases of the study.
DISCUSSION
We report the outcomes of an intervention study for the speech production impairments of AOS using a word repetition task. The study employed a two-phase cross-over design (Cowell et al., 2010) , in which the effects of a self-administered speech program based on errorless and error reducing principles were compared to those of a visuospatial sham intervention. The speech program targeted whole word production, in contrast to traditional therapies for AOS which train the deliberate and conscious production of isolated articulatory gestures (Varley & Whiteside, 2001) . Articulatory therapies have shown limited generalisation, and may only serve to reinforce the high levels of conscious control and effort in speaking, and the loss of automaticity observed in AOS (Lebrun, 1990; Whiteside & Varley, 1998) . To some degree, articulatory therapy might result in learned misuse of the automatic, procedural routines of healthy speech control. The aim of the speech intervention in this study was that participants would practice fluent, automatic, cohesive and error free speech, and that struggle and effort would be minimised.
The effects of the intervention on articulatory groping and struggle on one hand, and accuracy and fluency on the other were evaluated for word repetition. The results indicated significant treatment gains following the speech intervention. This was reflected in significant reductions in the Struggle scores (see Fig 1b) . In addition, significant increases were found in the Fluent scores (see Fig 4b) for the treated words, and this treatment effect was present in both groups of participants, irrespective of the order in which programs were administered. The results also supported generalised treatment effects beyond the treated items, with the phonetically matched words displaying significant increases in Fluent scores. The reduced levels of struggle and the increased levels of fluency lend support to the effectiveness of the speech intervention program and suggest that the principles underpinning the program contributed to reducing error and struggle, and in enhancing fluent and error free speech production in apraxic speakers.
The treatment effects were not due to more general placebo-type effects, for example, resulting from intensive stimulation or the positive effects of participating in a research study of a computer therapy. Although some behavioural change was evident in the sham phase, these were evident only in the participant group who were administered the speech program first. The change in scores during this phase could be attributed to the continuing consolidation of the effects of the speech treatment. The participant group who received the sham program first displayed no change in speech following this intervention.
In addition to gains in speech control after the speech intervention, longer term maintenance effects after 18 and 8 weeks were evident in the speech first and sham first groups, respectively. Maintenance effects for the reduction in Struggle scores appeared to be robust for both groups across the all word sets. This suggests that the speech program was effective in reducing struggle. In the case of the Fluent scores, the maintenance effects were robust for the speech first group across all word sets. This result might be due to effects of the order of the interventions interacting with individual differences in the severity profiles of participants within each group, or with the individual differences in program usage levels. Future research will explore the profiles of participants who differ in their maintenance performance. Furthermore, therapy outcome in relation to stages achieved in the intervention programme will be determined.
The results of the current study suggest that designing interventions for motor speech impairments incorporating the principles of errorless learning and error reduction represents a useful therapeutic strategy (Fillingham et al., 2003; . Such programs appear to result in improvements in word accuracy and fluency, together with reduced levels of articulatory groping and struggle. These improvements show a degree of generalisation beyond treated word forms, and also maintenance in some cases after the intervention is withdrawn. However, the intervention reported here involved a number of components, not only errorless learning. It may be that the outcomes were due to any number of these principles and their interactions. For example, the outcomes might be due to working at the level of whole words, or the intensity of treatment that is possible under a computer, self-administered therapy model (Varley, 2011) . However, previous research into intervention for AOS has not always revealed encouraging results in terms of treatment gains and their generalisation and maintenance. We therefore suggest that therapies that emphasise fluent, normalised speech production, and how they compare to traditional articulatory therapy for AOS, deserve further investigation.
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